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A combined computational docking-molecular dynamics study has been performed on a system consisting of
cytochrome c protein and alkanethiol self-assembled monolayers of various geometries. The results suggest that
the orientation of the protein on the surface may be controlled or altered by means of designing specific structural
motifs on the surface. The proposed computational approach may be used as a fast and reliable tool to complement
other theoretical and experimental techniques of exploring other protein-surface interfaces.
Introduction
Design, synthesis, and characterization of protein films has
been a topic of a large number of investigations due to their
widespread use in protein affinity chromatography as well their
as potential use in areas such as bioanalytical sensing, biomedi-
cal engineering, and cell growth in cultures.1 Several model
protein-surface interfaces such as cytochrome c and lysozyme
on alkanethiol self-assembled monolayers (SAMs) have been
widely studied using a number of experimental techniques.
Particularly useful data about the orientation of the protein at a
surface can be obtained from surface-enhanced resonance
Raman scattering experiments and polarized X-ray absorption
fine structure spectroscopy.2-4 Electrochemical methods, time-
of-flight secondary ion mass spectroscopy, differential scanning
calorimetry, Fourier transform infrared-attenuated total reflec-
tion, and other techniques have also been used in this field to
provide valuable information about the studied systems.5-8
These techniques allow the amino acids that are responsible
for binding of the protein to the surface to be pointed out as
well as the conformational changes of adsorbed proteins to be
investigated.
The protein-SAM interfaces have also been studied using
theoretical methods. Several groups performed theoretical
calculations on molecular surface systems at different levels of
sophistication.9-14 The most complete approaches have been
proposed by Jiang’s group and by Adamowicz’s group.15-17
The first approach uses the Monte Carlo technique in the
canonical ensemble to determine the orientation of the protein
at different SAM interfaces. In the second approach, a molecular
docking technique with geometrical matching is used to
determine the orientation of the protein on a specific surface.
In both approaches, the initial step is followed by molecular
dynamics (MD) simulations, which allow the stability of the
biomacromolecule on the surface to be determined.
The goal of the research in this area is to determine and also
possibly manipulate the orientation of the biomacromolecule
(i.e., protein) on a surface. This is due to the fact that the spatial
distribution of ligand binding sites over the surface of a protein
is typically asymmetric, which means that the native bioactivity
of the biomacromolecule is determined by its orientation on a
surface. For example, an enzyme immobilized on a surface via
its active site would probably become unable to perform its
enzymatic function and thus would be biologically inactive.
Consequently, the development of general methodologies to
immobilize proteins in defined geometric orientations has been
a focus of considerable research efforts in recent years.18-23
The general approach has been to use a structurally unique site
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Figure 1. Snapshots of optimal orientations of cytochrome c on
alkanethiol SAMs. Cytochrome c on (a) carboxyl- and (b) methyl-
terminated SAM.
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or region on the surface of the protein to direct the attachment
of the molecule to an appropriate substrate surface geometrically.
In this work, we propose to study the protein-surface
interface from the surface point of view. We show that the
orientation of the protein on a surface may be altered by
manipulating not only the chemical properties of the surface or
protein but also the geometry of the surface. We perform a
computational docking study of a model protein (cytochrome
c) to a number of alkanethiol SAMs with different geometrical
motifs. The outcome of this study sheds more light on the factors
affecting the protein orientations on surfaces.
Computational Methods
The model chosen for this study was the cytochrome c protein (PDB
code: 1HRC) on the 10 × 5 carboxyl- or methyl-terminated alkanethiol
surfaces of different geometries.24 The size of the surface was chosen
to be similar to the size of the protein. We have chosen a (3 × 3)
R30° structure of HS-(CH2)n-R SAM on Au(111), where R was either
CH3 or COOH and n varied between 5 and 23. The geometries of the
alkanethiols were first calculated using the B3LYP/6-31G* method on
single thiol chains, and the optimized geometries were used to construct
the SAMs.17 We have used a simple 3D surface generator that was
written by us in Python to obtain a full-atom SAM model.
For the docking of proteins to SAMs, we used a variation of the
Fourier correlation algorithm first introduced by Katchalski-Katzir as
implemented in the FTDock software.25,26 It is based on the discreti-
zation of the protein and the surface and a fast calculation of the
geometrical matching of the two systems. The algorithm, which was
primarily designed for the protein-ligand and protein-protein docking,
has also been shown to yield good accuracy in the protein-surface
case.17 The docking was performed using the FTDock v2.0 software
with default parameters. The cytochrome c system was digitized onto
a 162 × 162 × 162 grid, which resulted in a grid resolution of 0.69 Å.
The surface thickness of the SAM was set to 1.3 Å for all systems.
Proteins were rotated in 15° increments around all three of their Euler
angles until the rotational space was completely scanned to yield 6912
energy calculations for each translational step.
The best hits from all docking simulations have been subject to MD
simulations. MD simulations were conducted using a standard two-
step approach. In the first step, the peptide-surface system was
immersed in a box of TIP3P water molecules, and counterions were
added if necessary. The system was initially minimized for 100 steps
using the conjugate gradient algorithm and was then gradually heated
from 0 to 300 K in 50 K increments in a short MD run of 24 000 steps
of 1.0 fs. Harmonic constraints were placed upon the backbone of the
protein and the backbone of alkanethiols forming the SAM and were
performed in the NVT ensemble. In the second step, 1 ns MD runs
with a 1 fs step were performed. Each system was placed in a
rectangular periodic box with the size dependent on the size of the
complex and the harmonic constraints from the first step removed. The
velocity Verlet method was used for the integration of Newton’s
equation. The NPT ensemble was used, and a constant temperature of
300 K was kept using Langevin dynamics coupled to all atoms except
hydrogen atoms. We have used particle mesh Ewald summation for
calculating electrostatic interactions and a cutoff value for Lennard-
Jones interactions of 12 Å. A constant pressure of 1 atm was maintained
via the Nose´-Hoover Langevin piston.
All MD simulations were conducted using the Charmm 27 parameter
set.27 For the cytochrome c system, all of the aspartate and glutamate
residues were simulated as deprotonated, whereas all lysine residues
were simulated as protonated. For the heme system, we have used the
recent parametrization of Autenrieth et al.28 For the carboxyl-terminated
surfaces, three alkanethiol chains have been deprotonated, representing
a 6% degree of dissociation for negatively charged SAMs in accordance
with a similar study.15 For each case, sodium counterions have been
added to keep the system neutral. The MD calculations have been
performed using the NAMD v2.6 software suite.29
Results from FTDock docking calculations have been described using
a number of quantities. The original FTDock score is the number of
contacts between the protein and the surface (with a penalty function
for parts of the system that are to close to each other). FTDock rank is
the rank of the experimental orientation of the protein in the top 50 000
orientations found by FTDOck, which are ordered by their FTDock
score. To simplify results, we have introduced two filters. The
geometrical filter excludes all complexes in which the protein was
Figure 2. A schematic top-view representation of selected structural motifs on alkanethiol SAMs used in this work. (a) Numbering scheme of
alkanethiol chains used throughout the study, (b) CH3 surface 2, (c) CH3 surface 5, and (d) COOH surface 12. The numbers in the circles
correspond to the number of -(CH2)- groups of which alkanethiol chains are built and are equal to n in HS-(CH2)n-CH3 or HS-(CH2)n-COOH.
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located below the SAM surface as being unphysical. The grouping filer
clusters all complexes in which orientations of the protein are similar
(within 10° of any of the three Euler angles of the protein) but
translation vectors are different. We have also introduced two additional
quantities: the number of occurrences of the experimental orientation
in the best 50 hits and the best 100 hits after performing the simulations
and applying only the geometrical filter.
Results from the MD simulations have been described using the root-
mean-square deviation (rmsd) of the backbone of the protein (with the
crystal structure of cytochrome c used as the reference structure). Low
rmsd values (<1.0 Å) have been attributed to small changes in the
secondary and tertiary structures of the protein, which suggests that
the protein remains in the active form. Because the length of the MD
simulations used in this work is relatively small, we have also explored
the geometrical features of the proteins after a 1 ns run as well as the
trends in rmsd values. Systems with clear differences in the secondary/
tertiary structures between the crystal structure and the 1 ns structure
as well as systems with unstable rmsd values over the 1 ns runs have
been marked as unstable.
Results and Discussion
In the previous study, we showed that our computational
approach is able to reproduce the orientation of a protein on
alkanethiol SAM rather accurately.17 In the case of cytochrome
c on the carboxyl-terminated surface, there is perfect agreement
between the experimental and computational results. For cyto-
chrome c on methyl-terminated SAMs, the theory predicts the
experimental orientation to be in the top 10 computational hits




alkanethiol chain hole-1 hole-2 hole-3 hole-4 hole-5 hole-6 hole-1 hole-2 hole-3 hole-4 hole-5 hole-6
1 11 11 11 11 11 11 11 11 11 11 11 11
2 5 11 11 9 11 11 5 11 11 9 11 11
3 11 11 11 11 11 11 11 11 11 11 11 11
4 5 11 11 9 11 11 5 11 11 9 11 11
5 11 11 11 11 11 11 11 11 11 11 11 11
6 5 11 11 9 11 11 5 11 11 9 11 11
7 11 11 11 11 11 11 11 11 11 11 11 11
8 5 11 11 9 11 11 5 11 11 9 11 11
9 11 11 11 11 11 11 11 11 11 11 11 11
10 11 11 11 11 11 11 11 11 11 11 11 11
11 11 11 11 11 11 11 11 11 11 11 11 11
12 5 11 11 9 11 11 5 11 11 9 11 11
13 5 5 11 9 9 11 5 5 11 9 9 11
14 5 5 5 9 9 9 5 5 5 9 9 9
15 5 5 5 9 9 9 5 5 5 9 9 9
16 5 5 5 9 9 9 5 5 5 9 9 9
17 5 5 5 9 9 9 5 5 5 9 9 9
18 5 5 11 9 9 11 5 5 11 9 9 11
19 5 11 11 9 11 11 5 11 11 9 11 11
20 11 11 11 11 11 11 11 11 11 11 11 11
21 11 11 11 11 11 11 11 11 11 11 11 11
22 5 11 11 9 11 11 5 11 11 9 11 11
23 5 5 11 9 9 11 5 5 11 9 9 11
24 5 5 5 9 9 9 5 5 5 9 9 9
25 5 5 5 9 9 9 5 5 5 9 9 9
26 5 5 5 9 9 9 5 5 5 9 9 9
27 5 5 5 9 9 9 5 5 5 9 9 9
28 5 5 11 9 9 11 5 5 11 9 9 11
29 5 11 11 9 11 11 5 11 11 9 11 11
30 11 11 11 11 11 11 11 11 11 11 11 11
31 11 11 11 11 11 11 11 11 11 11 11 11
32 5 11 11 9 11 11 5 11 11 9 11 11
33 5 5 11 9 9 11 5 5 11 9 9 11
34 5 5 5 9 9 9 5 5 5 9 9 9
35 5 5 5 9 9 9 5 5 5 9 9 9
36 5 5 5 9 9 9 5 5 5 9 9 9
37 5 5 5 9 9 9 5 5 5 9 9 9
38 5 5 11 9 9 11 5 5 11 9 9 11
39 5 11 11 9 11 11 5 11 11 9 11 11
40 11 11 11 11 11 11 11 11 11 11 11 11
41 11 11 11 11 11 11 11 11 11 11 11 11
42 11 11 11 11 11 11 11 11 11 11 11 11
43 11 11 11 11 11 11 11 11 11 11 11 11
44 11 11 11 11 11 11 11 11 11 11 11 11
45 11 11 11 11 11 11 11 11 11 11 11 11
46 11 11 11 11 11 11 11 11 11 11 11 11
47 11 11 11 11 11 11 11 11 11 11 11 11
48 11 11 11 11 11 11 11 11 11 11 11 11
49 11 11 11 11 11 11 11 11 11 11 11 11
50 11 11 11 11 11 11 11 11 11 11 11 11
a Motifs are defined according to the numbering scheme of alkanethiol chains from Figure 2. The numbers correspond to the number of -(CH2)-
groups of which alkanethiol chains are built and are equal to n in HS-(CH2)n-CH3 or HS-(CH2)n-COOH.
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after the geometrical and grouping filters are applied to the
original outcome of the docking simulation. The two filters used
do not introduce any bias on the results but ensure only that
the protein is positioned above the surface and that similar
orientations are treated as one. The simulated orientations of
cytochrome c on carboxyl- and methyl- terminated surfaces,
which are identical to the experimental orientations, are
presented in Figure 1.
In the first step of this study, we tested whether our method
is capable of predicting different orientations of cytochrome c
on surfaces with different structural motifs. To investigate this
problem, we constructed 12 different models of SAMs, all
containing 50 alkanethiol residues of different lengths and
different terminating groups (as shown in Figure 2). We used
three different structural motifs, which could be described as
holes within a perfect alkanethiol surface constructed of
HS-(CH2)11-R molecules (presented in Table 1). The holes
were made up of shorter alkanethiol chains (either
HS-(CH2)5-R or HS-(CH2)9-R) and were of different sizes
(28, 18, or 12 chains).
The results suggest that our method is able to differentiate
between surfaces of different topology and that the orientation
of the protein is, to a large extent, dependent on the geometry
of the surface. In the case of CH3-terminated SAMs, there are
five different protein orientations for six different surfaces, and
none of these orientations are similar to the native cytochrome
c orientation on a perfect methyl-terminated surface, with
hydrophobic region 81-85 (IFAGI in one-letter amino acid
code) close to the surface. Two surfaces (hole-1 and -2) share
the same protein orientation in which cytochrome interacts with
the surface via residues 37-39 (GRK) and 56-60 (GTIWK).
The third system of this series (hole-3) has protein in a different
orientation, interacting with the surface via residues 22 to 23
and 103 to 104 (KGNE). Hole-4, -5 and -6 systems (see Table
1) all have different orientations of the protein. The amino acids
closest to the surface in the hole-4 system are residues 1-4
and 99 (GDVGK), those in the hole-5 system are residues 50
and 79 (DK), and those in the hole-6 system are residues 54-57
and 66 (NKGIE). The relatively high stability of three out of
those five systems (see Table 2) allows us to suggest that the
introduced change in the structure of the surface may force the
protein to adopt a different conformation.
It is interesting that there is a simple correlation between the
FTDock scoring function for those systems and their stability
in the MD simulations (see Table 2). The FTDock scoring
function is a number that represents the geometrical compat-
ibility of the two studied systems (cytochrome c and surface,
in our case) in such a case that a high number of the scoring
function stands for a large number of contacts between the two
systems. Four of the methyl-terminated SAMs-protein systems
have a relatively high docking score (between 79 and 86). For
these systems, the protein remains stable in the orientation found
by the docking simulation. Two remaining systems (hole-5 and
-6) have lower docking scores (72 and 69, respectively) and
are not stable after a 1 ns MD run but rather tend to change
their orientation on the surface, adopt a different conformation,
or both.
The carboxyl-terminated systems also introduce a number of
different orientations. The first one (hole-1) is identical to the
native orientation of cytochrome c on a perfect alkanethiol SAM
with all eight glutamic acid residues far from the negatively
Table 2. FTDock and Molecular Dynamics Results for SAMs with
Different Geometrical Motifsa
rank
system orig. geom. group top 50 top 100 rmsd stability
CH3
hole-1 151 35 18 1 1 0.83 stable
hole-2 67 9 5 2 4 1.07 stable
hole-3 45 8 5 2 4 0.86 stable
hole-4 23 2 2 3 4 0.89 stable
hole-5 73 16 12 1 3 0.98 unstable
hole-6 257 63 31 1 1 1.09 unstable
COOH
hole-1 9 5 5 5 6 0.76 stable
hole-2 3 3 3 3 7 0.93 stable
hole-3 2 2 2 3 6 0.92 stable
hole-4 32 16 8 1 3 0.92 unstable
hole-5 34 34 6 2 4 0.86 stable
hole-6 3 3 2 2 4 0.85 stable
a All of the values have been defined in the Computational Methods
section, whereas the naming of the systems follows the scheme from
Figure 2 and Table 1.
Figure 3. Snapshots of optimal orientations of cytochrome c on
modified alkanethiol SAMs. Cytochrome c on (a) carboxyl-terminated
surface 12, (b) methyl-terminated surface 2, and (c) methyl-terminated
surface 5.
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charged surface.15 Other systems have cytochrome c interacting
with the surface via the following residues: 50-53 (DANK in
one-letter amino acid code, hole-2); 4, 7, 21, 100, and 104
(EKEK, hole-3); 7, 8, 11, and 12 (KKVQ, hole-4); 61, 62, 88,
and 89 (EEKT, hole-5); and 2, 61, and 99 (DEK, hole-6). All
of those systems have at least one positively charged lysine
residue close to the surface, although in most cases, there is
also at least one glutamic acid or aspartic acid in the vicinity
of the surface, unlike in the native orientation of cytochrome c.
In the case of COOH-terminated alkanethiols, the only unstable
system after a 1 ns simulation is the hole-4 system with an
FTDock score of 95. All other systems in this group have much
higher docking scores (ranging from 100 to 105).
Inspired by these results, we decided to construct a surface
suited for a particular orientation of the protein. Experimental
data suggest that cytochrome c may acquire a set of different
orientations on perfect carboxyl-terminated SAMs; however,
most of these orientations have a much lower interaction energy
than the dominating orientation and thus are much less prob-
able.30 We suggested earlier that those additional orientations
may be present in the docking simulations as hits with high
FTDock scores (though lower than the no. 1 hit), a high number
of occurrences in the top 50 hits, or both. In the case of
cytochrome c adsorbed on a perfect carboxyl-terminated surface,
our docking approach yields the experimental structure as the
no. 1 hit with an FTDock score of 91 and six occurrences in
the top 50 hits (after only the geometrical filter is applied). In
the case of the methyl-terminated surface, the experimental
structure is hit no. 252 (no. 41 after geometrical filter and no.
8 after grouping filter) with only one occurrence in the top 50
hits.
Table 3. Schematic Representation of the Geometrical Motifs on SAMs Used in the Second Part of this Studya
CH3 COOH
no. flat 1 2 3 4 5 6 7 8 flat 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 21 11 11 11 11 11 11 11 11
2 9 9 11 13 15 17 19 19 19 9 9 11 13 15 15 15 15 15 11 11 11 11 11 11 11 11
3 9 9 11 13 15 15 15 15 15 9 9 11 13 13 13 13 13 13 11 11 11 11 11 11 11 11
4 9 9 11 13 13 13 13 13 13 9 9 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
5 9 9 11 13 15 15 15 15 15 9 9 11 9 9 9 9 9 9 11 11 11 11 11 11 11 11
6 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
7 9 9 11 11 11 11 11 11 11 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
8 9 9 11 11 11 11 11 11 11 9 9 9 9 9 9 9 9 9 11 11 11 11 11 11 11 11
9 9 9 11 11 11 11 11 11 11 9 9 11 13 15 17 19 21 23 9 7 9 9 9 9 9 9
10 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
11 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 21 11 11 11 11 11 11 11 11
12 9 9 11 13 15 17 17 17 17 9 9 11 13 15 15 15 15 15 11 11 11 11 11 11 11 11
13 9 9 11 11 11 11 11 11 11 9 9 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
14 9 9 11 13 15 15 15 15 15 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
15 9 9 11 11 11 11 11 11 11 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
16 9 7 7 7 7 7 7 7 7 9 9 9 9 9 9 9 9 9 11 11 11 11 11 11 13 15
17 9 7 7 7 7 7 7 7 7 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
18 9 7 11 7 7 7 7 7 7 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
19 9 9 7 11 11 11 11 11 11 9 9 9 9 9 9 9 9 9 11 11 11 11 11 11 11 11
20 9 7 7 7 7 7 7 7 7 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
21 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 17 17 17 11 11 11 11 11 11 11 11
22 9 9 11 13 15 17 17 17 17 9 9 11 13 15 15 15 15 15 11 11 11 11 11 11 11 11
23 9 9 11 13 15 15 15 15 15 9 9 11 13 15 15 15 15 15 11 11 11 11 11 11 11 11
24 9 9 11 13 13 13 13 13 13 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
25 9 9 11 13 13 13 13 13 13 9 9 9 9 9 9 9 9 9 9 9 9 9 11 13 9 9
26 9 7 7 7 7 7 7 7 7 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
27 9 9 9 9 9 9 9 9 9 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
28 9 7 7 7 7 7 7 7 7 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
29 9 9 9 9 9 9 9 9 9 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
30 9 7 7 7 7 7 7 7 7 9 9 11 13 15 17 19 21 23 11 11 13 15 15 15 15 15
31 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
32 9 9 11 13 15 17 19 19 19 9 9 11 13 15 17 19 19 19 11 11 11 11 11 11 11 11
33 9 9 11 13 15 15 15 15 15 9 9 11 13 15 17 19 19 19 11 11 11 11 11 11 11 11
34 9 9 11 13 15 17 19 21 21 9 9 11 13 13 13 13 13 13 11 11 11 11 11 11 11 11
35 9 9 11 11 11 11 11 11 11 9 9 11 13 13 13 13 13 13 11 11 11 11 11 11 11 11
36 9 9 9 9 9 9 9 9 9 9 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
37 9 9 11 13 15 15 15 15 15 9 9 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
38 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
39 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 17 17 11 11 11 11 11 11 11 11
40 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
41 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 21 11 11 11 11 11 11 11 11
42 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 19 19 11 11 11 11 11 11 11 11
43 9 9 11 13 15 17 19 21 21 9 9 11 13 15 17 17 17 17 11 11 11 11 11 11 11 11
44 9 9 11 13 15 17 19 21 21 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
45 9 9 11 13 13 13 13 13 13 9 9 11 11 11 11 11 11 11 9 7 9 9 9 9 9 9
46 9 9 7 13 15 7 7 7 7 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
47 9 7 7 13 7 7 7 7 7 9 9 11 13 15 15 15 15 15 11 11 13 15 15 15 15 15
48 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
49 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
50 9 9 11 13 15 17 19 21 23 9 9 11 13 15 17 19 21 23 11 11 11 11 11 11 11 11
a Motifs are defined according to the numbering scheme of alkanethiol chains from Figure 2. The numbers correspond to the number of -(CH2)-
groups of which alkanethiol chains are built and are equal to n in HS-(CH2)n-CH3 or HS-(CH2)n-COOH.
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New surfaces have been designed to maximize the number
of contacts between the protein and the surface to increase the
FTDock score. To achieve this goal, we have devised new
structural motifs on surfaces that resemble a negative of the
part of the protein surface. These systems are presented in Table
3 and provide a whole spectrum of possible complexities of
the alkanethiol SAM surfaces.
The results presented in Table 4 suggest that we were able
to design surfaces with higher affinities for a specific orientation
of the studied protein than the ideally flat surfaces (surfaces
consisting of only one type of alkanethiols). All three systems
(surface 12 COOH and surfaces 2 and 5 CH3, presented in
Figure 3) have been validated to be stable in the MD simulations
(slightly more stable than the original systems with alkanethiol
chains of only one length). In the case of the carboxyl-terminated
surface 12, the experimental orientation of cytochrome c is the
no. 1 hit (as in the original computational simulation) with an
FTDock score of 88 (91 for the flat surface). However, it has 7
occurrences in the top 50 hits and 15 occurrences in the top
100 hits (6 and 10, respectively, for the flat surface). It is also
interesting that in both cases (surface 24 and flat surface) the
second orientation with the highest score (with residues 42-47
close to the surface) is identical. In the flat surface scenario,
this orientation has 5 occurrences in top 50 hits and 10
occurrences in top 100 hits, whereas for in the case of surface
24, these numbers are 2 and 2, respectively. A low number of
occurrences of the second best orientation may suggest that
surface 24 favors the experimental orientation of cytochrome c
to an even higher extent than it does the flat surface.
In the case of the methyl-terminated SAMs, surfaces 2 and 5
most favor the experimental orientation of cytochrome c. Both
surfaces have a high score (116) and are no. 1 hits after both
geometrical and grouping filters are applied. Surface 2 also has
6 occurrences in the top 50 hits and 12 occurrences in the top
100 hits, whereas surface 5 has 5 occurrences in the top 50 hits
and 7 occurrences in the top 100 hits, which is a huge
improvement over the results for the ideally flat CH3-terminated
surface.
Conclusions
We have shown that the orientation of a protein on a surface
is likely to be altered by chemical manipulation of the surface.
Computational models used in this work could be helpful in
the design of surfaces that promote specific orientations of
biomacromolecules and thus achieve a greater control over the
macromolecule surface system. It is, however, important to
notice that our method of finding orientations of biomacromol-
ecules on surfaces was designed to be a fast technique that
complements other more sophisticated modeling methods and
experimental techniques.17 The docking step does not include
any description of electrostatic interactions or any other interac-
tions coming from the chemistry of the functional groups of
the protein and surface. Whereas the 1 ns MD step is useful in
eliminating unfavorable chemical interactions on a local scale,
it may be too short to reveal the true stability of investigated
systems. A detailed computational study of similar systems
should also include a much longer MD simulation as well as a
careful investigation of the protein-surface interface for a
number of the best systems obtained from our approach to yield
reliable results.
It is also important that the accurate synthesis of such
alkanethiol motifs within SAMs is currently out of reach from
a technological point of view. In the last 10 years, there has
been tremendous progress in the preparation of two-component
alkanethiol SAMs with defined geometry. In the near future,
techniques like photopatterning or the STM-controlled removal
of alkanethiols may allow us to obtain full control over the
synthesis of SAMs, leading to more control over the orientation
of the adsorbed biomacromolecules.31,32
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